The photoactive Orange Carotenoid Protein (OCP) is involved in cyanobacterial photoprotection. Its N-terminal domain (NTD) is responsible for interaction with the antenna and induction of excitation energy quenching, while the C-terminal domain is the regulatory domain that senses light and induces photoactivation. In most nitrogen-fixing cyanobacterial strains, there are one to four paralogous genes coding for homologs to the NTD of the OCP. The functions of these proteins are unknown. Here, we study the expression, localization, and function of these genes in Anabaena sp. PCC 7120. We show that the four genes present in the genome are expressed in both vegetative cells and heterocysts but do not seem to have an essential role in heterocyst formation. This study establishes that all four Anabaena NTD-like proteins can bind a carotenoid and the different paralogs have distinct functions. Surprisingly, only one paralog (All4941) was able to interact with the antenna and to induce permanent thermal energy dissipation. Two of the other Anabaena paralogs (All3221 and Alr4783) were shown to be very good singlet oxygen quenchers. The fourth paralog (All1123) does not seem to be involved in photoprotection. Structural homology modeling allowed us to propose specific features responsible for the different functions of these soluble carotenoid-binding proteins.
Cyanobacteria are Gram-negative bacteria that played a key role in the early evolution of life on Earth because they were the first organisms to perform oxygenic photosynthesis. They convert solar energy into chemical energy and reducing power, which are used to assimilate CO 2 and to synthesize organic carbon molecules. In this process, they produce molecular oxygen (O 2 ), essential to human life on Earth. Cyanobacteria have developed a variety of acclimation mechanisms that allow them to live in almost all ecological niches, from marine and fresh water to terrestrial habitats, and in all climatic zones from the ice of the Arctic to the near-boiling waters of geysers. It is well known that carotenoids play an important role in these acclimation processes and in photoprotection. In photosynthetic organisms, carotenoids solubilized in the membranes or attached to proteins have three principal roles: to harvest light energy in antennae, to act as a sunscreen to prevent UV and visible light-induced damage, and to decrease oxidative damage by interacting with triplet chlorophyll in the antenna and directly reacting with singlet oxygen ( 1 O 2 ) (for review, see Frank and Cogdell, 1996) . Carotenoids also play an essential role in regulating the amount of excitation energy reaching the reaction centers through mechanisms that transform the very efficient light harvesting antennae into excitation energy thermal dissipator complexes (Niyogi and Truong, 2013) . In cyanobacteria, the photoactive Orange Carotenoid Protein (OCP) plays this role (Wilson et al., 2006) . OCP can sense light intensity and induce excitation energy quenching in the phycobilisomes (PBSs), the cyanobacterial membrane-extrinsic antenna (Wilson et al., 2008) .
The OCP consists of two globular domains: an a-helical N-terminal domain (NTD) and a mixed a-helical/ b-sheet C-terminal domain (CTD) joined by a flexible linker (Kerfeld et al., 2003; Wilson et al., 2010) . A ketocarotenoid, the 39hydroxyechinenone, spans both domains (Kerfeld et al., 2003) . Upon absorption of bluegreen light, OCP photoconverts from an orange inactive form (OCP o ) to a red active form (OCP r ; Wilson et al., 2008) . During photoactivation, the interactions between the domains are disrupted and the domains separate from each other, yielding a more elongated tertiary structure (Wilson et al., 2012; Liu et al., 2014; Gupta et al., 2015; Leverenz et al., 2015) . The carotenoid is translocated 12 Å and moves fully into the NTD . By interacting with the PBS, the NTD of the OCP induces thermal dissipation of excess absorbed light energy (Wilson et al., 2006 (Wilson et al., , 2008 Gwizdala et al., 2011) . This reduces the amount of energy arriving at both reaction centers (Scott et al., 2006; Wilson et al., 2006; Rakhimberdieva et al., 2010; Gorbunov et al., 2011) . The OCP has another photoprotective function, serving as an efficient quencher of singlet oxygen species (Kerfeld et al., 2003; Sedoud et al., 2014) . The avid singlet oxygen quenching activity of the OCP and of the isolated OCP-NTD was first shown by Kerfeld and colleagues even before the involvement of the OCP in excitation energy quenching was discovered (Kerfeld et al., 2003) . More recently, it was demonstrated the importance of this activity in cell photoprotection (Sedoud et al., 2014) .
In the past, it has been observed that hypothetical proteins with sequence homology to the OCP-NTD are encoded in many genomes belonging to all morphological cyanobacterial subsections (Kerfeld et al., 2003; Kerfeld, 2004a Kerfeld, , 2004b Kerfeld, 2012, 2013) . Most strains that are able to fix molecular nitrogen (N 2 ) contain these ntd-like genes (Nostoc, Anabaena, Leptolyngbya, Cyanothece, Crocosphaera, Oscillatoria, Microcoleus, Calothrix, Tolypothrix, Fischerella, etc.; Kerfeld et al., 2003; Kerfeld, 2004a Kerfeld, , 2004b Kerfeld, 2012, 2013) . In these strains, one to four of these genes can be found per genome, sometimes in proximity to a gene encoding a homolog to the CTD of the OCP (CTDH; Kerfeld, 2012, 2013) . Although global expression studies of Anabaena sp. PCC 7120 detected transcripts related to some of these genes (Ehira and Ohmori, 2006; Flaherty et al., 2011; Mitschke et al., 2011) , the function of these hypothetical proteins remains to be elucidated. Some cyanobacterial strains (like Thermosynechococcus elongatus BP-1; Kerfeld, 2004a) possess genes coding for NTD-OCP but not OCP and do not exhibit the blue-green lightinduced photoprotective mechanism related to the OCP-NTD interaction with the PBS (Boulay et al., 2008) , suggesting that the physiological role of NTD-OCP like proteins could be completely different from that of the OCP. The distribution of these genes suggests that there may be a link between physiological potential (e.g. the ability to fix N 2 ) and the function(s) of the proteins encoded by these genes. All cyanobacteria are important assimilators of inorganic carbon, impacting the global cycling of CO 2 ; some are also N 2 fixers, contributing to fixation of atmospheric nitrogen into bioavailable forms. The enzyme responsible for N 2 fixation, nitrogenase, is irreversibly inactivated by molecular oxygen (O 2 ; Robson and Postgate, 1980) . This is problematic because O 2 is liberated by photosynthetic reactions; cyanobacteria resolve this conflict by either separating the photosynthetic and N 2 assimilation processes temporally, as in the unicellular Cyanothece (Bergman et al., 1997), or isolating them spatially in different cell types as in Nostoc and Anabaena (for reviews, see Flores and Herrero, 2010; Kumar et al., 2010) . When cultured under depletion of combined nitrogen, Nostoc and Anabaena have the potential to convert 5 to 10% of their vegetative cells into specialized cells (heterocysts) that fix N 2 but do not perform the photosynthetic water-splitting reaction that generates O 2 as a by-product (for reviews, see Fay, 1992; Flores and Herrero, 2010) . The ntd-ocp like genes are present in both types of nitrogen-fixing strains, but the heterocystforming strains are especially enriched in these genes Kerfeld, 2012, 2013) and global gene expression analysis of Anabaena suggested the presence of at least some of them in the absence of combined nitrogen (Ehira and Ohmori, 2006; Flaherty et al., 2011; Mitschke et al., 2011) .
Here, we used Anabaena sp. PCC 7120 (also known as Nostoc sp. PCC 7120; hereafter Anabaena) as a model of filamentous heterocyst-forming cyanobacteria to study the expression, localization, and function of these proteins. We show that the four genes present in the genome are expressed in both vegetative cells and heterocysts. Moreover, at least some of the proteins were also detected in both vegetative cells and heterocysts. Our results also demonstrate that all four Anabaena NTD-OCP like proteins can bind a carotenoid and appear "red-violet" colored. Furthermore, this study clearly shows subfunctionalization among the different paralogs in Anabaena. They differ in their activities: Only one is able to quench PBS fluorescence, two are good 1 O 2 quenchers, and the remaining one is unable to quench neither 1 O 2 nor excitation energy and does not seem to be involved in photoprotection. Coupled with structural homology modeling, we identify specific features corresponding to the divergent functions of the paralogs.
RESULTS
The NTD Paralogs of Anabaena sp. PCC 7120: Expression of ntd-like Genes in Escherichia coli
The genome of Anabaena has four genes encoding NTD-OCP like proteins: all1123, all3221, alr4783, and all4941 (Kerfeld et al., 2003) . All are located in the chromosome (not in any of the six plasmids that Anabaena contains). The chromosomal position of the all4941 gene is followed by a gene coding to a homolog of the C-terminal domain of the OCP (all4940). A multiple sequence alignment of the four predicted Anabaena NTD paralogs with the NTD of the Anabaena OCP shows that All4941 shares the highest pairwise sequence identity (50%) with the NTD (All3149-NTD; Fig.  1 ). The pairwise identity with the NTD decreases from All4941 to All1123 (40%) to Alr4873 (30%) and finally to All3221 (28%). The position of 100% conserved amino acids in four NTD paralogs and the NTD of the OCP are shown in Supplemental Figure S1A showing the crystal structure of the Anabaena OCP. The holo-Anabaena OCP obtained by overexpression in E. coli was crystallized and the structure solved to 1.7 Å resolution (see details in "Materials and Methods" and Supplemental Table  S1 ). The Anabaena OCP structure is similar to those previously described for Arthrospira maxima and Synechocystis PCC 6803 (hereafter Synechocystis; superimposing with an rmsd on C-alpha atoms of 0.54 and 0.46 Å, respectively; Supplemental Fig. S1B ). Among the 13 amino acids that are absolutely conserved in the four NTD paralogs and the Anabaena NTD-OCP, several have been previously shown to be functionally and/or structurally important, particularly Arg-155 (numbering from Anabaena OCP), which is essential for binding to the PBS. Other conserved amino acids interact with the carotenoid in OCP r (cpcR): Leu-37, Ala-38, Met-117, Tyr-126, and Pro-129. Trp-110 and Figure 1 . Primary sequence of the Anabaena OCP (All3149) and the four Anabaena NTD paralogs proteins (All4941, All3221, All1123, and Alr4783). The completely conserved amino acid positions are marked in dark blue. From those, the ones that have a known role are marked by asterisks. The amino acids conserved more than 80% are marked in light blue. The black square marks the alternative Met-1 of All3221 (Met-21). The point marks the incorrect start site Met-1 in All4941 (see "Materials and Methods"). The conservation of all amino acids is also shown in the figure. (Tyr/Phe)-44, which are essential for photoactivation and stabilization of OCP r , are also conserved among the four NTD paralogs. are also absolutely conserved and likely have roles in intramolecular structural stabilization. For example, Tyr-98 and almost conserved Lys-106 make a cation-pi interaction, and Arg-96 is involved in an ionic interaction usually with Asp-91.
The Anabaena ntd-like genes and the NTD region of the ocp gene (all3149, residues 1-165) were each cloned in a modified pCDFDuet-1 plasmid. Two versions for the all3221 sequence were included in order to test an alternative start codon (ATG) situated 60 nucleotides downstream from the GTG start codon predicted in the annotated gene model for all3221, making it unclear whether the native amino acid sequence of All3221 begins with Met-1 or Met-21. The nucleotides encoding for 6xHis were added in the C terminus of all these constructions to facilitate downstream purification of the expressed proteins.
E. coli BL21(DE3) strain was transformed simultaneously by three plasmids: a plasmid (pAC-BETA) including the operon carrying the four genes necessary to synthesize b-carotene from Erwinia herbicola (Cunningham et al., 1996) , a plasmid containing the Anabaena sp. PCC 7210 crtW gene coding for a diketolase that catalyzes the formation of canthaxanthin (CAN) from b-carotene (Fraser et al., 1997) , and the plasmid containing the ntd-like genes. The expression of crtW gene in b-carotene-producing cultures was induced with arabinose, thus enabling high concentrations of CAN production in E. coli (Bourcier de Carbon et al., 2015) . Subsequently, ntd-like genes were induced by addition of isopropylthio-b-galactoside (IPTG) and the NTD paralogs were purified from extracts upon cell lysis (Bourcier de Carbon et al., 2015) .
Biochemical Characterization of the Isolated NTD Paralogs from Anabaena
The isolated NTD paralogs exhibited similar apparent molecular mass upon SDS gel electrophoresis, with slight differences in mobility generally corresponding to the size differences predicted by their primary sequences: All1123 (18.3 kD) always migrated furthest, All4941 (18.7 kD) was intermediate and migrated slightly behind the short version of All3221 (17.4 kD), while Alr4873 (19.8 kD) and the long version of All3221 (19.6 kD) migrated the least (Fig. 2) . When the long all3221 gene was cloned, a second band appeared with the same mobility as the short All3221. Since this construction promotes initiation of translation from Met-1 (encoded by a GTG), the presence of the second band suggests that translation most probably initiates at the Met-21 codon (ATG) in Anabaena cells. The spectral characteristics and the activities of both All3221 samples were identical and only the shorter All3221 construct is presented for the remainder of this article.
An antibody raised against Anabaena All1123 (this work) recognized All1123 but also All4941 and All3221; however, this antibody was unable to cross-react with Alr4873 and only presented a low cross-reactivity with All3149-NTD-OCP ( Fig. 2A) . In contrast, the antibody against the Anabaena OCP (this work) recognized only the NTD-OCP and All4941, although some crossreactivity with the long All3221 and Alr4873 was also observed (Fig. 2A) .
The isolated Anabaena NTD-OCP and the four NTD paralogs were all red-violet in color, suggesting that they all bound carotenoid (Fig. 2B ). This was confirmed by carotenoid analysis by liquid chromatography-mass spectrometry: All the isolated NTD paralogs bound 100% CAN (Supplemental Fig. S2 ). The visible absorbance spectra were similar but not identical, indicating that the carotenoid-protein interactions are slightly different among the different NTD paralogs (Fig. 2, C and D). The absorbance bands were all broad, without vibronic features. The NTD-OCP, All4941, and All1123 presented a maximum at 529 nm, while the maximum of All3221 was blue-shifted to 524.5 nm and that of Alr4873 was red-shifted to 531.5 nm. The spectra of all of the NTD paralogs were slightly broader than that of the NTD-OCP and had higher absorbance in the 300 to 350 nm region.
PBS Fluorescence Quenching Activity of Different NTD Paralogs
In vitro reconstitution experiments developed by Gwizdala et al. (2011) were used to elucidate whether the NTD paralogs were able to bind to PBS and to quench their fluorescence, a hallmark feature of the energy dissipation function in photoprotection. For these experiments, isolated Synechocystis and Anabaena PBS were used. The core of Synechocystis and Anabaena PBS are different; while the Synechocystis core PBS is formed by three APC cylinders, Anabaena core PBS is pentacylindrical (for PBS review, see Adir, 2005) . The ratio of PC to APC is lower in Anabaena PBSs (;1.3) than in Synechocystis PBS (;3). Such differences correlate well with the PBS core architectures and to the fact that the some PC rods of Anabaena PBS seem to be shorter than those of Synechocystis (for more details on isolated PBS, see Jallet et al., 2014) .
It was previously demonstrated that NTDs obtained from proteolytic cleavage of A. maxima OCP and from overexpressing a truncated Synechocystis ocp gene in E. coli are able to constitutively bind to PBSs (even in darkness) and to quench their fluorescence in vitro . Here, we confirm that the Anabaena NTD-OCP (All3941-NTD, residues 1-165) also quenches PBS fluorescence completely and persistently, using PBSs isolated from Synechocystis or from Anabaena (Fig. 3) .
The All4941 protein was the only NTD paralog that induced nearly identical fluorescence quenching than the Anabaena NTD-OCP in both Synechocystis and Anabaena PBS at 1.4 M phosphate (Fig. 3) . In contrast, All1123, All3221, and Alr4873 were unable to induce any PBS fluorescence quenching, even at 1.4 M phosphate using either Synechocystis or Anabaena PBSs (Fig. 3 , A and C). When the concentration of phosphate was decreased to 0.8 M, the NTD-OCP and All4941 quenched only 50% of the Synechocystis PBS fluorescence (Fig. 3B ), comparable to the activity of the Synechocystis NTD-OCP , while the Arthrospira NTD-OCP maintains complete quenching at this lower phosphate concentration . Intriguingly, Anabaena All4941 was able to maintain nearly 80% of its quenching at the lower phosphate concentration (0.8 M phosphate) when the Anabaena PBS was used in the experiment (Fig.   3D ). In contrast, the Anabaena NTD-OCP induced very little fluorescence quenching (only 25%) in Anabaena PBS at 0.8 M phosphate (Fig. 4D) .
To further investigate why All1123, All3221, and Alr4873 are unable to induce fluorescence quenching, the Synechocystis PBSs were reisolated in a Suc gradient after 30 min of dark incubation in the presence of the different NTD paralogs. The reisolation is needed to remove the unbound proteins. Figure 4 shows the room temperature fluorescence spectra after reisolation of PBSs. Almost no decrease of fluorescence was observed when the PBSs were incubated in the presence of All1123 and All3221. By contrast, only 40% of initial fluorescence was detected for the PBS samples (1) and immunoblot detection. The proteins were detected using the antibody anti-All1123 (2) and the anti-OCP antibodies (3). Each lane contains 2 mg protein. 3221S and 3221L are the short and long versions of the protein, respectively. B to D, Absorbance spectra and appearance of isolated Anabaena NTD paralogs proteins. B, Isolated Anabaena NTD paralogs proteins: All3221 (1), Alr4783 (2), All1123 (3), and All4941 (4). C, Absorbance spectra of Ana-NTD (blue), All4941 (green), and All1123 (pink). D, Absorbance spectra of All3221 (black) and Alr4783 (red).
incubated in the presence of All4941. Figure 4B shows the Coomassie blue-stained SDS-gel and the western blot. Since the molecular weight of the NTD paralogs is similar to those of PC and APC a-and b-subunits, they cannot be resolved in the Coomassie blue-stained gel. Western-blot analysis showed that the antibody raised against All1123 recognized both isolated and PBSbound All4941. In contrast, this antibody, which recognized isolated All1123 and All3221 (Fig. 2) , was unable to detect the presence of All3221 bound to PBS, and only traces of bound All1123 were observed (Fig.  4B ). These results indicated that All1123 and All3221 are unable to bind to the PBS, thus preventing them from quenching PBS fluorescence. Since Alr4873 was not recognized by the anti-All1123 nor the anti-OCP antibodies, we were unable to determine whether this protein is able to bind PBSs.
Activity of the NTD Paralogs in Singlet Oxygen Quenching
The 1 O 2 quenching activity of the NTD paralogs and of the Anabaena NTD-OCP was measured in vitro as described by Sedoud et al. (2014) . Electron paramagnetic resonance (EPR) spin trapping was applied for 1 O 2 detection using TEMPD-HCl (2,2,6,6-tetramethyl-4-piperidone). When this nitrone reacts with 1 O 2 , it is converted into the stable nitroxide radical, which is paramagnetic and detectable by EPR spectroscopy. The production of 1 O 2 was induced by illumination of methylene blue. The concentration of protein that decreased 50% the EPR signal (I 50 ) was about 1.2 to 1.5 mM for the Anabaena NTD-OCP and All3221, similar to Synechocystis OCP (Sedoud et al., 2014) . A higher concentration was needed for the other NTD paralogs: 3 to 4 mM for Alr4873, 25 to 30 mM All4941, and more than 50 mM for All1123. The activity of All1123 is similar to that of a control protein without any chromophore (Sedoud et al., 2014) . Thus, we can consider that All1123 is not an effective singlet oxygen quencher despite the presence of a carotenoid (CAN) that participates in high quenching activity when bound by homologous proteins (e.g. NTD-OCP, All3221, and Alr4873).
Expression of ntd-like Genes in Anabaena sp. PCC 7120
The in vitro characterization of the Anabaena NTD paralogs obtained by expression of ntd-like genes in E. coli cells containing canthaxanthin showed that, although they all can bind this carotenoid, their in vitro activities in energy and singlet oxygen quenching differ. In order to elucidate if these genes are natively expressed in Anabaena cells, we tested their expression in Anabaena filaments grown in the presence or absence of nitrate and in isolated heterocysts. The expression of ntd-like genes was compared to that of the ocp gene. RT-PCR experiments were done using RNA isolated from cultures of Anabaena sp. PCC 7120. We used ntcA and nifH as positive controls (Supplemental Fig. S3 ). The ntcA gene codes for a cyanobacterial global nitrogen regulator, and its expression is induced in the absence of combined nitrogen (Muro-Pastor et al., 2002) in the whole filament but is more abundant in heterocysts (Olmedo-Verd et al., 2006) . The nifH gene encodes for a subunit of the nitrogenase enzyme responsible for N 2 fixation and is exclusively expressed in heterocysts (Supplemental Fig. S3 ; Flores and Herrero, 2010) . Figure 5 shows the results obtained for the ocp, all1123, all3221, all4941, and alr4783 genes. All the genes were expressed in both growth conditions, although ntd-like genes had relatively lower expression levels than the ocp gene for the same amount of total RNA used for cDNA synthesis (Fig. 5) .
In a few RT-PCR experiments, the expression of all1123 and all3221 seemed to be higher in the absence of nitrate.
Quantitative PCR was performed to analyze if the expression differences detected in all1123 and all3221 were statistically significant. Bootstrapping analysis across three biological replicates found no significant difference in expression for all1123 and all3221 between both conditions (P . 0.3; Clèries et al., 2012) . Quantitative PCR experiments analyzing all4941, alr4783, and ocp gene expression levels also showed no significant differences in the presence or absence of nitrate.
Heterocysts represent around 10% of total cells in an Anabaena culture under nitrate starvation (Meeks and Elhai, 2002; Flores and Herrero, 2010; Kumar et al., 2010) . It is possible that the ocp and ntd-like gene expression may occur mainly in heterocysts. This is Figure 4 . The isolated Anabaena NTD paralog protein-PBS complexes. The PBSs were incubated (30 min) in darkness with the different Anabaena NTD paralogs proteins in 1.2 M phosphate and the complexes were isolated using Suc gradient centrifugation. The blue band was collected and analyzed. A, Fluorescence spectra of isolated PBS (dashed black) and of the Anabaena NTD paralog protein-PBS complexes containing All1123 (blue), All3221 (green), or All4941 (red). B, Polypeptide composition of the blue band isolated from the different Suc gradients. The Anabaena NTD paralogs proteins were detected by protein gel blot using the anti-All1123 antibody. The isolated All1123 was also shown in the gel and in the western blot. Each lane contains 10 mL of a solution containing 0.5 mM PBS. Figure 5 . Expression analysis of ocp and ntd-like genes in Anabaena sp. strain PCC 7120. Total RNA was isolated from whole cells grown in the presence (NO 3 ) or absence of nitrate (2NO 3 ) and from isolated heterocysts (Het). RT-PCR analysis was realized using these RNAs and the synthetic oligonucleotides described in Supplemental Table S2. difficult to detect by analyzing the expression in total RNA from the whole filaments. To remove the contribution of the RNA from total filaments, we isolated heterocysts from established cultures in the absence of combined nitrogen. Total RNA was isolated from the purified heterocysts, and RT-PCR analysis was performed using control genes nifH and rbcL in order to evaluate the quality of the heterocyst preparations (Supplemental Fig. S3 ). The nifH gene is exclusively expressed in heterocysts, whereas the rbcL gene encoding for the large Rubisco subunit (ribulose-1,5-biphosphate carboxylase/oxygenase) is expressed only in vegetative cells. Supplemental Figure S3 confirms that nifH, but not rbcL, is expressed in the isolated heterocysts, demonstrating the purity of our preparation. Furthermore, expression of ocp and all four ntd-like genes was confirmed in heterocysts, although levels were never observed to be higher than those measured from whole filaments (Fig. 5) . The lowest level of transcript was observed for all3221, which may be downregulated in heterocysts.
Western-blot analysis was used to elucidate whether the NTD paralogs were present in Anabaena cells. The antibody against Anabaena All1123 recognized proteins at ;15 kD in total protein isolated from Anabaena cultures grown in the presence or absence nitrate as well as from heterocysts (Fig. 6) . These results indicate that at least one of the NTD paralogs that are recognized by this antibody (All1123, All3221, or All4941) is present in both vegetative cells and heterocysts of Anabaena (Fig.  6) . The presence of All1123 in Anabaena cells was confirmed by detection of All1123-GFP fusion proteins in both vegetative cells and heterocysts (see next section). In contrast, we were unable to detect the presence of All3221-GFP fusion proteins by western blot or fluorescence, indicating that the concentration of this protein is below the level of detection (Supplemental Fig.  S4 ). Using the anti-OCP antibody, which recognizes All4941 but not All3221 nor All1123, an ;15-kD band on the western blot indicated the presence of All4941 in the wild type and All1123-GFP mutant (lacking All1123 native protein) cells grown in either the presence or absence of nitrate (Fig. 6C) . Thus, both All1123 and All4941 are present in wild-type Anabaena cells. Absence of cross-reactivity with the antibodies precludes detection of Alr4873. We also observed that the concentration of the OCP present in these cells is very low, almost nondetectable, despite its high rate of transcription (Fig. 6C) . This low concentration of OCP (in our growth conditions) explains the small amount of blue-green light-induced fluorescence quenching in Anabaena cells (Boulay et al., 2008) .
Localization of All1123-GFP in Anabaena sp. PCC 7120
In order to further investigate the role of All1123, which seemed not be involved in a photoprotective mechanism, we studied the localization of this protein along the Anabaena filament using GFP fusions. The GFP encoding gene was cloned in the 39 end of the all1123 gene, maintaining the translation frame. The selected Anabaena clone incorporated the construct by a single crossover and the constructions were tested by PCR and sequencing. As a result of a single crossover, the fusion protein was expressed from the natural promoter of all1123 gene. Western-blot analysis demonstrated the presence of the All1123-GFP fusion protein in Anabaena filaments grown in the presence or absence of nitrate (Supplemental Fig. S5 ). The concentration of this protein was similar in both conditions. Fluorescence from GFP was analyzed in either the presence of nitrate or after 72 h following nitrogen starvation (without nitrate) using confocal microscopy (Fig. 7) . In the presence of nitrate, all of the cells in filaments displayed red fluorescence (attributable to chlorophyll and phycobilin autofluorescence) at the periphery of the cell interior where the thylakoids and PBS are typically found in cyanobacteria. In the absence of nitrate, the autofluorescence of vegetative cells largely decreased due to partial degradation of the PBSs and the photosystems. In addition, the heterocysts appear as dark spots due to the very low concentration of chlorophyll and phycobiliproteins in these cells. Green fluorescence attributable to GFP was detected in the cells containing the All1123-GFP fusion protein but not in the wild type. The GFP fluorescence was observed throughout the whole filament in both the presence and absence of nitrate. Moreover, GFP could be detected even in the heterocysts in the N-starved culture (Fig. 7) . The green fluorescence did not superimpose with the red fluorescence, and was detectable in the middle of the cells, strongly suggesting that All1123 is a soluble protein dispersed throughout the cell, and suggesting that it is not strictly associated with phycobilisomes or thylakoids. However, we cannot completely discard the possibility that the presence of the GFP interferes with native interactions and therefore changes its location in the cell. Nevertheless, this did not occur with the fusion OCP-GFP protein that was mostly attached to the thylakoids as the native OCP (Wilson et al., 2006) .
DISCUSSION
Prior analysis of cyanobacterial genomes established the presence of genes coding for homologs of the NTD of the OCP in many cyanobacterial strains (Kerfeld et al., 2003; Kerfeld, 2004a Kerfeld, , 2004b Kerfeld, 2012, 2013; Shih et al., 2013) . Here, we show that all four Anabaena NTD paralogs are present in Anabaena cells and that they are able to bind CAN when coexpressed in E. coli with the genes for CAN biosynthesis and appeared red-violet in solution. However, they present distinct activities suggesting different roles in the cells.
Although the NTD paralogs are present in a majority of strains capable of N 2 fixation, this study did not find a direct connection between heterocyst development and the functions of the NTD paralogs. Our results clearly show that all four ntd-like genes are natively expressed in Anabaena filaments regardless of nitrogen availability. As similar levels of expression were observed in filaments grown in the presence of nitrate and in adapted filaments to nitrate-free medium, NTD paralogs may not have a specific role under nitrogen starvation. Nevertheless, we demonstrated that the ntdlike genes are expressed at similar levels in heterocysts and in filaments, with the exception all3221, which may be downregulated, suggesting that the NTD paralogs roles can apply to both heterocysts and in vegetative cells. Previous results with global gene expression analysis of Anabaena PCC 7120 showed a slight increase of the expression of some of ntd-like genes during the first hours of nitrate starvation, but with expression returning to previous levels after 24 h of nitrate depletion (Ehira and Ohmori, 2006) , consistent with the observations presented here. Also in Anabaena variabilis ATCC 29413, the homologs to the NTD (Ava_4694 [98% identity with All1123], Ava_2052 [93% identity with Alr4783], and Ava_2230 [99.2% identity with All4941]) are expressed in both vegetative cells and heterocysts (Park et al., 2013) . However, expression levels of Ava_4694 and of Ava_2052 were higher in heterocysts than in vegetative cells under phototrophic conditions; this is in contrast to what occurs in Anabaena sp. PCC 7120, where ntd-like gene expression does not seem to be up-regulated in heterocysts (Ow et al., 2008; Ehira, 2013; this work) .
We demonstrated the presence of at least two (All1123 and All4941) of the four NTD paralogs in Anabaena filaments grown with or without nitrate. The presence of All1123 in both vegetative cells and heterocysts was demonstrated by western-blot detection and fluorescence confocal microscopy in the strains expressing All1123-GFP fusion proteins. The presence of All4941 was demonstrated using the anti-OCP antibody. In contrast, the concentration of All3221 was below the limit of detection by western blot and fluorescence.
Expression of the four Anabaena NTD paralogs in CAN-producing E. coli strains allowed us to investigate how specific features of the each protein could influence All4941 is the only NTD paralog able to bind to PBSs with a high affinity. It shows the strongest sequence conservation in Face 1 with NTD-OCP. Face 1, which contains Arg-155, was proposed to be the NTD face interacting with the PBS . Under low-light and nonstress conditions, the concentration of All4941 must be low since a high concentration of All4941 presumably leads to permanently quenched Anabaena cells. However, in Anabaena, as in Synechocystis cells, only strong blue light induces PBS fluorescence quenching (Boulay et al., 2008) . Under stress conditions, the expression of this protein probably increases and could be involved in a mechanism decreasing the energy arriving at the reaction centers, either permanently or of relatively long duration. This could be useful under stress conditions such as low temperature or low CO 2 , in which the photosynthetic electron transport chain is reduced even under low light conditions and the OCP is not photoactivated. This role could also be essential in heterocysts in order to reduce the energy transfer from the remaining PBSs to the photosystems during the rearrangements of the photosynthetic apparatus, which occur during heterocyst differentiation. Moreover, in mature heterocyst, low concentrations of phycobiliproteins and of active photosystem II were detected (for review, see Magnuson and Cardona, 2016) . Further studies about the location of All4941 and on all4941 gene expression under different stress conditions could confirm our hypothesis.
It is interesting to further investigate why only All4941 is able to bind to PBS while the Arg-155 that is essential for OCP r binding to the PBS (Wilson et al., 2012) is conserved in all the Anabaena NTD paralogs. In the NTD-OCP, positive electrostatic potential dominates Face 1, where Arg-155 occurs , and it was proposed that the positive charge interacts with negatively charged amino acids in the vicinity of one of the APC bilins (Wilson et al., 2012; Leverenz et al., 2015) . An additional positive charge (Lys-156) on Face 1 is observed in the immediate vicinity of Arg-155 in All4941 but not in the other NTD paralogs (Fig. 8) and would be expected to enhance the proposed electrostatic interaction between the All4941 and the PBS. The strong interaction observed in PBS binding assays with All4941 is consistent with this conjecture.
From structure and sequence comparisons, we also observed that Anabaena NTD paralogs that do not bind the PBS may form intramolecular salt bridges (within the NTD) involving Arg-155 and an additional residue on Face 1: in All3221, Asp-152-Arg-155; in All1123, Asp-156-Arg-155 and Asp-103-Arg-155; and in Alr4873, Glu-103-Arg-155 (Fig. 8) . This intramolecular salt bridge could preclude the interaction of Arg-155 with the PBS that is associated with quenching. The PBS-quenching All4941 and the NTD-OCP lack negatively charged residues in positions capable of forming intramolecular salt bridges with Arg-155 (Fig. 8) . Perhaps All4941 is the only NTD paralog able to bind PBS because it is the only one in which Arg-155 is free to interact with PBS.
The gene adjacent to all4941, all4940, encodes a homolog of the CTD of the OCP (Kerfeld et al., 2003) . This gene is expressed in filaments grown in the presence or absence of nitrate and in heterocysts (Supplemental Fig. S6 ). Thus, formation of an All4941-CTDH complex inhibiting undesirable energy quenching at the level of PBS under low-light conditions is possible in Anabaena cells. This hypothesis is currently being tested. The ability of such an All4941-CTDH heterodimer to be photoactivated as an OCP remains also an open question that we are testing. Kerfeld et al. (2003) demonstrated that both the OCP and the isolated NTD (RCP) are avid in singlet oxygen quenching; the isolated NTD of Arthrospira OCP was Table S2 ). All1123, All3221, Alr4783, and All4941 structures (B-E) were generated as homology models. A protein-bound CAN (gray sticks) is included for reference and was introduced to each structure. Key side chains contributing to charge differences on Face 1 and the putative formation of intramolecular salt bridges with Arg-155 are shown as sticks. Amino acid numbering in the Anabaena NTD paralogs proteins structures (in parenthesis following the residue identifier) corresponds to the aligned position in All3149 (e.g. All3149 numbering).
shown to have a 6-fold enhancement of the rate constant for singlet oxygen quenching relative to fulllength Arthrospira OCP (Kerfeld et al., 2003) . More recently, the fast isolation of His-tagged OCPs using immobilized metal ion chromatography techniques led to the isolation of Synechocystis, Arthrospira, and Anabaena OCPs with a higher effectiveness as singlet oxygen quenchers (I 50 = 1.2-1.5 mM; Sedoud et al., 2014; Bourcier de Carbon et al., 2015) . In this work, we show that the Anabaena NTD-OCP, All3221, and Alr4873 also have a high effectiveness as singlet oxygen quenchers with an activity comparable to that of OCPs, suggesting that they may be involved in cellular protection against oxidative stress in vegetative cells and heterocysts. In the heterocysts, the concentration of molecular oxygen is largely lower than in vegetative cells. However, its concentration is not null and antioxidant enzymes were predicted to play an important role in the protection of the nitrogenase against oxygen species (Fay, 1992) . Recently, it was demonstrated that the superoxide dismutase enzyme is present in Anabaena heterocystis (Regelsberger et al., 2004) . For the moment, there is little available information about the expression of these genes under oxidative stress conditions or high light; however, an increased concentration of Anabaena All3221 was already observed under UV stress Singh et al., 2015) .
Not much is known about what factors enhance the singlet oxygen quenching properties of carotenoid binding proteins. We hypothesize that a slight difference in the interaction of the polyene chain with different amino acids could influence the capacity of CAN as 1 O 2 quencher in each NTD paralog. Subtle changes in the protein structure could also affect solvent accessibility of CAN (especially in the polyene region), and this could affect the ability of 1 O 2 to diffuse into the core of the protein to react with the carotenoid.
All1123 is the only Anabaena NTD paralog that does not appear to function in either singlet oxygen quenching or photoprotective PBS energy quenching. Since it is a soluble protein present (most probably) in the cytoplasm of vegetative cells and heterocysts without a clear interaction with thylakoid membranes and PBS, it could conceivably be a carotenoid-transport protein. We can also hypothesize that All1123 may be involved in an unknown mechanism (other than carotenoid transport) in which it interacts with partners yet to be identified. Proteomic analysis suggests that the All1123 could have a role in stress conditions since cadmium and UV-B stress increase the concentration of All1123 in the cells.
In conclusion, we have established that the four homologs to the NTD of the OCP in Anabaena are carotenoid binding proteins with distinct functions. We show that at least in vitro All4941 is a good energy and fluorescence quencher, All3221 and Alr4873 are good singlet oxygen quenchers, and All1123 apparently has a third, unknown function. Further structural and functional analysis will allow us to understand how these homologous proteins are involved in different mechanisms in cyanobacteria cells. The ntd-like genes are expressed at similar levels in Anabaena filaments grown with or without nitrate and at least two All1123 and All4941 proteins are present in both conditions at similar levels. This suggests that NTD paralogs do not have an essential role in heterocyst development and that they might have similar functions in both vegetative cells and heterocysts. Construction of single and multiple deletion mutants of NTD paralogs in Anabaena will be needed to elucidate the importance of these proteins in photoprotection and to discover the role of All1123.
MATERIALS AND METHODS

Strains and Culture Conditions
Anabaena sp. strain PCC 7120 was grown in BG11 medium, which contains 17.6 mm NaNO 3 (Rippka et al., 1979) and in BG11 0 (nitrogen-free) medium. Synechocystis PCC 6803 wild type and mutants were grown photoautotrophically in a modified BG11 medium (Herdman et al., 1973) containing twice the amount of sodium nitrate. Cells of Anabaena and Synechocystis were kept in a rotary shaker (120 rpm) at 30°C, illuminated by fluorescent white lamps giving a total intensity of about 30 to 40 mmol photons m 22 s 21 under a CO 2 -enriched atmosphere. The cells were maintained in the logarithmic phase of growth and were collected at OD 800 = 0.6 to 0.8.
DNA and RNA Isolation from Anabaena, Manipulation, and Analysis (RT-PCR and qPCR)
Isolation of genomic DNA (Cai and Wolk, 1990) and total RNA (Ausubel et al., 2010) from Anabaena sp. PCC 7120 was done as described previously. RT-PCR was carried out using Omniscript reverse transcriptase (Qiagen). The primers used to construct the cDNAs were the following: All1123-Rev RT, All3221-Rev RT, Alr4783-Rev RT, R-ntcA, R-nifH, R-rbcL, R-All4941, R-all4940, and R-OCP. Then, the cDNAs were amplified by PCR using the oligonucleotides described previously for the retrotranscription step and the forward primers. All primers are described in Supplemental Table S2 .
Heterocyst Isolation
Heterocysts were isolated using a modified protocol from Golden et al. (1991) . Cells were grown in nitrate-free medium until established nitrogenstarved cultures (more than 24 h), and all the following steps were done in cold conditions. The cells were collected by centrifugation at 6,000g at 4°C and resuspended in STET buffer (8% Suc, 5% Triton X-100, 50 mM EDTA, pH 8.0, and 50 mM Tris-HCl, pH 8.0). Lysozyme was added to 1 mg/mL final concentration (Sigma-Aldrich) and incubated with vortexing for 10 to 15 min at room temperature in order to facilitate cell lysis. The cell suspension was disrupted using a French press (two times at 3000 psi), and differential centrifugation (from 3,000 until 200g) was performed to separate the heterocysts from the rest of the broken cells, using SET buffer (STET without Triton X-100) to wash them. The last pellet was resuspended in TE 50/100 buffer and frozen at 280°C for subsequent RNA isolation.
Construction of Anabaena PCC 7120 Mutant Strains Containing All1123-GFP and All3221-GFP Fusion Protein
To produce a GFP fusion to the C terminus of the All1123 protein, a 450-bp fragment from all1123 39 region was amplified by PCR using primers All1123 -For-RT and All1123 -Rev-BamHI (Supplemental Table S1 ) and DNA from strain PCC 7120 as the template. This fragment was cloned in vector pGEM-T easy (Promega). The pEGFP (Ap r ) vector provided the gfp gene, which was digested using BamHI-SpeI enzymes, and cloned in the previous plasmid digested with the same restriction enzymes. The resulting fusion 39-all1123 -gfp, was transferred as a PvuII-blunt ended fragment to NruI-digested (blunt end) pRL277 plasmid (Cai and Wolk, 1990) , producing 1123-gfp-pRL277 plasmid (Sm r /Sp r resistant).
To produce a GFP fusion to the C terminus of the All3221 protein, a 479-bp fragment from all3221 39 region was amplified by PCR using primers all3221-For-RT, all3221-Rev-BamHI (Supplemental Table S2 ), and DNA from strain PCC 7120 as the template. The PCR product was digested using the PvuII restriction site from the all3221 sequence and BamHI provided by the Rev-primer. This fragment was cloned in vector pEGFP (Ap r ) digested by the same enzymes. The resulting fusion, 39-all3221-gfp, was transferred as and PvuII-SpeI-digested fragment to NruI-SpeI-digested pRL277 plasmid, producing 3221-gfp-pRL277 plasmid (Sm r /Sp r resistant).
The fusion genes cloned in pRL277 plasmid were transferred to Anabaena sp. PCC 7120 by conjugation using HB101 strains carrying the helper and methylation plasmid pRL623 (Elhai et al., 1997) . The conjugation was realized by the conjugative plasmid pRL443, carried in Escherichia coli ED8654 (provided by Prof. C.P. Wolk) and performed as described previously (Elhai et al., 1997) , with selection for resistance Sm/Sp. The genetic structure of the selected clones was studied by PCR DNA amplification and sequencing.
Construction of Plasmids for NTD-OCP and NTD Paralogs: Production in E. coli Cells
pCDF-NTD-ana-1-165Ctag
To obtain the NTD of Anabaena sp. PCC 7120 OCP, the nucleotides encoding the last 164 amino acids (C-terminal domain) of the ocp gene (all3149) were deleted by site-directed mutagenesis using the plasmid pCDF-OCPanaCtag (Bourcier de Carbon et al., 2015) as template and synthetic primers (Supplemental Table S2 ).
pCDF-All1123-Ctag
The all1123 gene with a sequence encoding for 6 His in 39 was amplified by PCR using the restriction sites, creating primers 1123NcoI and 1123NotI (Supplemental Table S2 ) and a previously described plasmid containing the all1123 gene under the control of the psbA2 promoter as template (Sedoud et al., 2014) . The PCR fragment was digested and cloned onto the NcoI and NotI site of pCDFDuet-1 to create the pCDF-All1123-Ctag plasmid.
pCDF-All3221-Ctag
The two putative coding sequences of the all3221 gene beginning with either of the possible Met start codons (Met-1 and Met-21) were cloned and expressed. The all3221 gene was amplified by PCR using genomic DNA of Anabaena sp. PCC 7120 as template and the oligonucleotides 3221NcoI and 3221NotI (Supplemental Table S2 ). The PCR fragment was cloned between the NcoI and NotI sites of pCDFDuet-1. Nucleotides coding for 6 His were added in the 39 side of the all3221 gene by site-directed mutagenesis using the synthetic primers (Supplemental Table S2 ) to create the pCDF-All3221-Ctag. To obtain the "short All3221," a deletion of the nucleotides coding for the 20 first amino acids of the all3221 gene (predicted by CYANOBASE) was introduced by site-directed mutagenesis using the plasmid previously obtained as template and synthetic primers (Supplemental Table S2 ).
pCDF-Alr4873-Ctag
The alr4783 gene was amplified by PCR using genomic DNA of Anabaena sp. PCC 7120 as template and the 4783NcoI and 4783NotI as primers (Supplemental Table S2 ). The PCR fragment was cloned between the NcoI and NotI sites of pCDFDuet-1 plasmid. Nucleotides encoding for 6 His tag were added in the 39 side of the alr4783 gene by site-directed mutagenesis using the synthetic primers (Supplemental Table S2 ) to create the pCDF-Alr4873-Ctag plasmid.
pCDF-All4941-Ctag
Initial sequence alignment uncovered a gene model error for the all4941 gene, as predicted by CYANOBASE and other genomic sequence repositories. In CYANOBASE, the all4941 gene is 49 amino acids shorter than the correct sequence (identified in this work). The CYANOBASE-predicted sequence lacks conserved amino acids involved in carotenoid binding and essential for photoconversion (e.g. Y44, Synechocystis OCP nomenclature); when it was overexpressed in E. coli (in this work), no protein was obtained. Thus, the all4941 gene (containing 147 nucleotides upstream of the first ATG predicted by CYANOBASE) was amplified by PCR using genomic DNA of Anabaena PCC 7120 as template and the oligonucleotides 4941NcoI and 4941NotI (Supplemental Table S2 ). The PCR fragment was cloned between the NcoI and NotI sites of pCDFDuet-1. Nucleotides encoding for 6 His tag were added in the 39 side by site-directed mutagenesis using the synthetic primers (Supplemental Table S2 ) to create the pCDF-All4941-Ctag plasmid.
All plasmids were checked by sequencing.
Holoprotein Production in CanthaxanthinProducing E. coli BL21 (DE3) cells from Agilent Technologies were transformed simultaneously with three plasmids: (1) pACBETA, (2) pBAD-CrtW, and (3) pCDF-NTD. The construction of pACBETA and pBAD-CrtW is described elsewhere (Bourcier de Carbon et al., 2015) . The crtBEIY operon in pACBETA was constitutively expressed under the control of the crtE promoter, whereas the crtW gene was under the control of the arabinose-inducible promoter araBAD, and the ntd-like genes were under the control of a T7 RNA polymerase promoter and their expression was enhanced by addition of IPTG. Transformed cells were grown in the presence of ampicillin (50 mg/mL), chloramphenicol (17 mg/mL), and streptomycin (25 mg/mL). For induction of different promoters, transformed E. coli cells were grown in Terrific Broth medium at 37°C for 3 to 4 h until OD 600 = 0.8. Arabinose was added to a final concentration of 0.02% (w/v) and the culture was grown overnight at 37°C. In the morning, the cells were diluted with fresh medium and 0.02% arabinose. Protein expression was induced at OD 600 = 1 to 1.2 by adding IPTG (0.2 mM). After overnight incubation at 20°C, the cells were harvested and pellets were stored at 280°C until they were used. The holo-NTD paralogs were isolated from E. coli cells as described (Bourcier de Carbon et al., 2015) .
Absorbance Measurements
Cell absorbance was monitored with an UVIKONXL spectrophotometer (SECOMAN). Chlorophyll content was determined in methanol using the extinction coefficient at 665 nm of 79.24 mg mL 21 cm 21 . Absorbance spectra of isolated NTD paralogs and phycobilisomes were measured in a spectrophotometer Specord S600 (Analyticjena).
Isolation of PBs and NTD Paralog-PB Complexes
The purification of PBS from Synechocystis PCC 6803 and Anabaena sp. PCC 7120 were performed as previously described by Gwizdala et al. (2011) and Jallet et al. (2014) , respectively.
The NTD paralog-PBS complexes were prepared in 1.2 M phosphate by incubation of isolated PBSs for 30 min at 23°C in presence of NTD paralogs (NTD paralog:PB ratio of 20). To separate the resulting NTD paralog-PBS complexes from the unbound NTD paralog, the samples were loaded onto a Suc gradient with 1.2 M phosphate. The gradient was centrifuged at 150,000g at 23°C for 3 h. The blue band was isolated from the gradient and its composition was analyzed by gel electrophoresis, absorbance, and fluorescence spectra.
Fluorescence Measurements
Fluorescence yield quenching was monitored using a pulse amplitude modulated fluorometer (101/102/103-PAM; Walz). Measurements were made in a 1-cm path length stirred cuvette. NTD paralog (0.48 mM) was added to 0.012 mM of PBs in 0.8 and 1.4 M potassium phosphate buffer (pH = 7.5) at 23°C in darkness. The ratio of NTD paralog to PB was = 40. The concentration of NTD paralogs was calculated from the carotenoid absorbance spectra since only the holoprotein can bind to PBs (A1% 1-cm carotenoid = 2158).
Fluorescence emission spectra at room temperature were performed in a Cary Eclipse fluorescence spectrophotometer fluorometer (Varian) using a 1-cm stirred cuvette. Excitation was made at 590 nm.
O 2 Detection by EPR Spin Trapping
EPR spin trapping was applied for 1 O 2 detection using TEMPD-HCl (2,2,6,6-tetramethyl-4-piperidone; 100 mM). When this nitrone reacts with 1 O 2 , it is converted into the stable nitroxide radical, which is paramagnetic and detectable by EPR spectroscopy. 
Confocal Microscopy
Images were acquired with a Leica SP8X inverted confocal laser scanning microscope, equipped with a 633 Plan Apochromat oil-immersion objective (numerical aperture: 1.4). Cyanobacterial cells expressing GFP were excited at 491 nm and detected between 505 and 550 nm. The autofluorescence of the cells was excited at 405 nm laser (50 mW; Leica) and the emission was recorded between 635 and 703 nm. Samples were illuminated sequentially to avoid photobleaching of GFP. Emission was collected on GaAsP Hybrid (Hamamatsu) detector in time-gating mode (between 0.3 and 6 ns) to eliminate laser reflection. The whole system was driven by LAS X (Leica). Images were then analyzed by ImageJ software.
Protein Separation and Immunoblot Analysis
NTD paralogs were analyzed by SDS-PAGE on 15% polyacrylamide or in 12 or 15% polyacrylamide/2 M urea in a Tris/MES system (Kashino et al., 2001) . PBS-containing samples were concentrated by precipitation with 10% (v/v) trichloroacetic acid prior to loading. Equal concentrations of PBs were loaded in each lane. For whole cell extracts, 1 to 4 mg of chlorophyll was deposited by well. The gels were stained by Coomassie Brilliant Blue. The NTD paralogs were detected by a polyclonal antibody against All1123 or a polyclonal antibody against Anabaena OCP. Binding of antibodies was monitored by an alkaline phosphatase colorimetric reaction (Bio-Rad AP Conjugate Substrate Kit).
Homology Modeling and Structural Analysis
The ocp (all3149) gene from Anabaena sp. PCC 7120 has been cloned and expressed in E. coli cells producing CAN as described (Bourcier de Carbon et al., 2015) . The holo-OCP was isolated from E. coli cells as described (Bourcier de Carbon et al., 2015) . The His-tagged Anabaena CAN-OCP that was partially purified by immobilized metal ion chromatography resulted in a mixture of apo-and holoproteins. The holoprotein was successfully separated from the apoprotein using size exclusion chromatography.
All3149 OCP CAN crystals were obtained from sitting drop experiments at room temperature by mixing 2 mL of protein solution (4 mg/mL in 10 mM TrisHCl, pH 7.4) with 1 mL of reservoir solution containing 100 mM sodium formate, pH 6, and 10% PEG 3350. Crystals were stabilized by adding 25% ethylene glycol (in reservoir solution) to the drop, mounted on a nylon loop (CrystalCap ALS HT; Hampton Research) and frozen in liquid nitrogen. The x-ray diffraction was measured at beam line 5.0.2 of the Advanced Light Source at Lawrence Berkeley National Lab. Diffraction data were integrated with XDS (Kabsch, 2010) and scaled with SCALA (CCP4; Winn et al., 2011) . The All3149 OCP structure was solved at 1.7 Å by molecular replacement with Synechocystis sp. PCC 6803 OCP (PDB ID 3MG1).
Automatic building of a model into the density using phenix.autosol (Afonine et al., 2012) was followed by manual rebuilding/refinement cycles using COOT (Emsley and Cowtan, 2004) and phenix.refine (Afonine et al., 2012) .
Statistics for diffraction data collection, structure determination, and refinement are summarized in Supplemental Table S1 .
Homology models for All1123, All3221, Alr4873, and All4941 were built using the default settings in Phyre2 (Kelley et al., 2015) using each Anabaena NTD paralog sequence as the seed and 1M98 (Arthrospira OCP) as template.
Antibody Production
Anti-AnaOCP and anti-All1123 polyclonal rabbit antisera were made by COVALAB using recombinant Anabaena OCP and Anabaena All1123 isolated from Synechocystis cells overexpressing these proteins.
Measurement of Carotenoid Content in NTD Paralogs
The carotenoid content of the isolated NTD paralogs was analyzed by HPLC and mass spectrometry as described (Sedoud et al., 2014) .
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: all1123, BAB73080; all3221, BAB74920; alr4783, BAB76482; all4941, BAB76640; all4940, BAB76639; all3149, BAB74848; ntcA (alr4392), BAB76091; rnpB (allrs04); nifH (all1455), BAB73411; rbcL (alr1524), BAB77890. Structural coordinates have been deposited in the Research Collaboratory for Structure Bioinformatics Protein Data Bank (http:// www.rcsb.org/pdb) under the accession code 5HGR (Anabaena OCP CAN ).
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